The landfill leachate treated by sonication in presence of Fe 2þ (US/Fe 2þ ) and then by photo-Fenton achieved the highest total organic carbon (TOC) removal efficiency among the screened processes.
INTRODUCTION
Landfill leachate is inevitably generated by physicochemical and biological decomposition of solid wastes and percolation of rainwater through compacted wastes (Hermosilla et al. ) . If lacking in proper treatment, it will become a potential source of pollution to surface water or groundwater. The chosen treatment process is dependent on the characteristics of the leachate. Young leachate, containing high 5-day biochemical oxygen demand (BOD 5 ), high chemical oxygen demand (COD), moderate concentration of ammonia (NH 3 -N) and high biodegradability (BOD 5 /COD), is suitable for treatment by biological treatment. A moderate or mature leachate with a low BOD 5 /COD or toxic compounds, containing more refractory organic matter and large molecular weight organic compounds, is not effectively treated by biological processes (Deng & Englehardt ; Huo et al. ; Li et al. ) .
Advanced oxidation processes have been demonstrated to be effectively suitable technologies to remove organics, and to enhance the biodegradability of leachate for oxidation of refractory compounds into harmless substances or mineralization end-products (Cassano et al. ; Cortez et al. ; Li et al. b) . The Fenton process, as one kind of advanced oxidation process, has been applied for treatment of landfill leachate and is considered to be an alternative method to the biological process (Žgajnar Gotvajn et al. ) . It is based on H 2 O 2 catalyzed by ferrous ion to produce ·OH (Equation (1)) which has a very high oxidation potential and can mineralize or transform refractory organic compounds into biodegradable organic materials (Singh & Tang ) . However, the drawbacks of large amount of iron sludge and consumption of H 2 O 2 hindered it from being used in practical applications (Nidheesh & Gandhimathi ) . To overcome the above shortcomings, the Fenton process was assisted by ultrasound or ultraviolet, named sono-Fenton or photo-Fenton, to reduce the dosage of reagents and improve the mineralization of organics (Hermosilla et al. ; Babuponnusami & Muthukumar ) . The additional radicals were produced by reduction of ferric to ferrous (Equations (2) and (3)) and the photo-decarboxylation of ferric carboxylates (Equation (4)) in the photo-Fenton process (Hermosilla et al. ) . The ultrasound in liquid solution eliminates mass transfer limitations and produces additional ·OH by cavitation (Equation (5)) or reaction of ferric into ferrous (Equation (6)) to promote the degradation of organic pollutants in the sono-Fenton process (Li et al. a) . In recent years, the Fenton process, synchronously assisted by photo and sonication, were conducted for treatment of phenol (Segura et and to accelerate the degradation and mineralization of those pollutants. Few studies have been applied to the treatment of landfill leachate by combination of sonication and photo-Fenton, or have conducted sequential integration of sonication in the presence of Fe 2þ (US/Fe 2þ ) and photo-Fenton process, especially:
Therefore, the aim of this study was to explore the potential benefits from the sequential integration of sonication in the presence of Fe 2þ (US/Fe 2þ ) and photo-Fenton for the treatment of raw leachate.
METHODS

Materials
All regents used in this study were analytical grade obtained from Aladdin (China). Landfill leachate was sampled every month from an adjusting tank of a landfill site in Anhui Province (China), which has been run since 2009 and has received 250 ton municipal garbage per day. The sampling period was between August 2013 and April 2014. The raw leachate was adjusted to pH less than 3.0, stored in brown glass bottles and preserved in refrigerator at 4 W C according to the standard methods. The characteristics of leachate were: pH 7.89 ± 0.27, total organic carbon (TOC) 1,037 ± 69 mg/L, COD 4,640 ± 135 mg/L, BOD 5 945 ± 56 mg/L, NH 3 -N 1,576 ± 53 mg/L, Cl À 3,875 ± 42 mg/L, Fe 12.1 ± 2.7 mg/L, black and brown color, and strong smelling.
Apparatus and experimental procedure
The apparatus consisted of an ultrasound generator (JK-5200 DB, Jinnike Co., China) and a high pressure mercury lamp (GGY250, Yaming Co., China) with an incident light intensity of about 1.62 × 10 À6 Einstein/(L s) measured by a luminometer (LX-1010 B, Shuntong Co., China). The ultrasonic generator was operating at 80 kHz with power output at 200 W and the ultrasound was emitted from the bottom. The UV lamp was parallel and the distance between lamp and the top of tube containing leachate was 20 cm. The surrounding temperature of the tube was monitored during the reaction time and kept constantly at 25 ± 2 W C using water circulation.
All experiments were conducted in a cylindrical glass tube (500 mL). Leachate samples were diluted to the desired TOC strength with distilled water. A selected amount of ferrous sulphate was dissolved in leachate and then its temperature and pH were adjusted to the desired values. The tube was fixed at the center of an ultrasonator and treated for 30 min. Samples of 10 mL were taken precisely to measure the mineralization of leachate at a pre-selected time during the sonication. Then a selected amount of H 2 O 2 was added in a single step accompanied by stirring with a magnetic stirrer, maintaining the same agitation speed to avoid dead zones. Reaction of photo-Fenton was timed as soon as the H 2 O 2 was added. Samples of 50 mL were taken at pre-selected time intervals with a syringe and transferred to a glass cylinder, then neutralized to about 7.0 with sodium hydroxide and then adjusted to 8.0 ± 0.05 with 1 M sodium hydroxide and 1 M sulphuric acid. Following that, the samples heated in a 50 W C water bath (DK-S26, Jinhong ® , China) for 30 min to remove any residual H 2 O 2 in solution. Finally, all samples treated by photo-Fenton were filtered with 0.45 μm polytetrafluoroethylene filters before analysis.
Analytical methods
BOD 5 , COD and pH were measured according to standard methods. TOC was determined using the combustion-infrared method by a TOC analyzer (Shimadzu 5000A, Japan) to estimate the mineralization of organics. The organic compounds were identified by gas chromatography-mass spectrometry (GC-MS) (Clarus SQ 8, Perkin-Elmer Co., USA). The leachate pretreatment for GC-MS analysis was described in the literature (Zhang et al. ) . A 250 mL leachate sample was extracted with CH 2 Cl 2 (high-performance liquid chromatography (HPLC) grade) in series at pH 7, pH 12 and pH 2, respectively. Each extraction was done twice with 10 mL of CH 2 Cl 2 . The combined extract (about 60 mL) was dehydrated by anhydrous Na 2 SO 4 and concentrated to 0.5 mL at 40 W C by rotary evaporation. An
Elite MS capillary column (30 m length × 0.25 mm ID × 0.25 μm film thickness) was employed for GC separation. The GC was operated in a temperature programmed mode with an initial temperature of 50 W C held for 5 min, then ramped to 300 W C with a 10 W C/min rate and held for 10 min. The injector and transfer-line temperature was 260 W C. The injector was in splitless mode with 1 μL injection volume. Helium was used as a carrier gas at a flow-rate of 2.64 mL/min. Mass spectra were detected at voltage 1,050 V, electron ionization 70 eV, scan field 35-400 m/z, and ion source temperature 200 W C.
RESULTS AND DISCUSSION
Effect of operating mode
Two modes of the coupled sonication with photo-Fenton process were investigated. Mode (1), named US/photo-Fenton, is photo-Fenton working with sonication simultaneously, and mode (2), named US-photo-Fenton, is photo-Fenton followed by US/Fe 2þ reaction. In order to ensure the consistency of reaction factors, the reaction times of 30 min for sonication and 120 min for photo-Fenton were conducted at initial pH 3.0 with initial TOC concentration of 250 mg L À1 , and [H 2 O 2 ]/[TOC 0 ] and [H 2 O 2 ]/[Fe 2þ ] fixed at 2 and 5, respectively. The comparison of the various Fenton processes on TOC removal with respect to reaction time at the same reaction conditions is shown in Figure 1 . As shown in Figure 1 , the TOC removal was increased in the first 30 min and the variation of TOC became insignificant after 30 min for all processes. The order of TOC removal efficiencies of modified Fenton processes was US-photo-Fenton > US/photo-Fenton > photo-Fenton > Fenton. This result showed that the combination of ultrasound or/and photo with Fenton was beneficial to improvement of TOC removal in leachate. In US/photo-Fenton, ultrasound can promote the degradation of organics by enhancing the mass transfer and produce additional radicals through the following ways: generated from cavitation (Equation (5)), produced by reaction of ferric to ferrous (Equation (6)), and catalyzed from the ultimate product, such as CO 2 , under the effect of sonication (Equations (7) and (8)) (Joseph et al. ) . The highest TOC removal obtained by US-photo-Fenton was achieved sequentially by US/Fe 2þ and then photo-Fenton. Segura et al.
() also found that the higher removal of phenol was obtained by ultrasonic pre-treatment followed by photo-Fenton, comparing with simultaneous treatment by sonication and photo-Fenton in the heterogeneous system, and pointed out that this phenomenon was induced by smaller catalyst particle size, which can promote mass transfer due to an increased surface area for the subsequent photo-Fenton system. Considering the homogeneous system chosen in this study, the major reason for the highest TOC removal may be the improvement of water quality. Comparing the characteristics of leachate before and after US/Fe 2þ , the average oxide state (AOS, calculated by means of Equation (11), where TOC and COD are in mg/L), carbon oxidation state (COS, calculated by means of Equation (12)) and BOD 5 /COD increased from À2.82, À2.82 and 0.20 to À2.70, À1.99 and 0.22, respectively. The increase of those parameters indicated that the refractory organics were degraded into smaller molecular weight organics and biodegradable substances (Cortez et al. ) . Another proof is shown in Figure 5 , which shows the chromophore detected by GC-MS; some organic compounds were partly degraded and some new organic substances, which may be induced from oxidation of high molecular weight organics, were detected, comparing raw leachate and pretreatment by US/Fe 2þ . The organic compounds were oxidized with ·OH generated from inner cavitation bubbles and H 2 O 2 , which was generated from recombination of ·OH or ·OOH (Equations (9) and (10)) and its' concentration had a linear relationship with respect to ultrasonic time (Xu et al. ), catalysed by Fe 2þ . An additional experiment was performed to identify H 2 O 2 concentration, and 0.017 mM H 2 O 2 was detected in distilled water without ferrous after 30 min ultrasonic treatment. If the same dosage of H 2 O 2 used for the traditional Fenton process was equal to the concentration generated by ultrasound, US/Fe 2þ achieved higher degradation comparing with the traditional Fenton process, as US/F 2þ was more efficient in utilizing H 2 O 2 and Fe 2þ (Xu et al. ) . The leachate treated by US-photo-Fenton was conducted in a series operation by Fenton and photo-Fenton. The TOC removal of leachate by US/Fe 2þ and subsequent photo-Fenton were 9.1% and 59.4%, respectively. The actually removal efficiency was 65.4% according to the TOC concentration at the beginning of the subsequent photo-Fenton process, which was higher than the 63.0% by photo-Fenton alone. This results benefited from the improvement of the water quality and the higher [H 2 O 2 ]/[TOC] at the beginning of the subsequent photo-Fenton after US/Fe 2þ pretreatment. The US-photo-Fenton process was selected and reaction time was 30 min for further experiments.
Optimization of US-photo-Fenton for treatment of leachate
Effect of initial pH
As shown in Figure 2 , the effect of initial pH of US/Fe 2þ was different from the performance of photo-Fenton. Lower pH was beneficial for TOC removal of leachate by US/Fe 2þ . Non-volatile organic acids in leachate are in the form of molecules at lower pH, which were easy to enter into cavitation bubbles or the film of liquid and cavitation bubbles, and then reacted with radicals (Joseph et al. ) . Moreover, the ·OH possibly had higher oxidation potential at lower pH (Xu et al. ) . The highest TOC removal was at pH 3, even though there was no significant difference for pH ranging from 3 to 4 for the subsequent photo-Fenton (shown in Table 1 ). Below optimal pH, the [Fe(H 2 O)] 2þ reacted relatively slowly with H 2 O 2 , resulting in less production of ·OH for the subsequent photo-Fenton (Babuponnusami & Muthukumar ) . Above optimal pH, especially in the range of neutral and alkaline, the ferrous was likely to form insoluble FeO(OH) or Fe(OH) 3 for US/Fe 2þ process (Burbano et al.
)
and ferrous or ferric hydroxyl complexes for photo-Fenton (Molkenthin et al. ), which may lead to a less production of ·OH. The highest concentration of [Fe(OH) 2 ] 2þ was obtained in the optimal pH, which can produce more ·OH under illumination for photo-Fenton. The best TOC removal achieved at pH 3 for the whole coupled system meant the photo-Fenton dominated in the coupled system. Thus pH 3 was selected for residual experiments.
Effect of Fenton reagents
The chemical reagents were investigated to optimize the removal and running cost of the coupled system. Figure 3 As shown in Figure 3 , the removal of leachate by US/ Fe 2þ decreased along with higher dosage of ferrous, which may be attributed to adverse reaction between ·OH and Fe 2þ , resulting in less ·OH reaction with organics according to the concerned dosage of H 2 O 2 generated by ultrasound. The TOC removal efficiencies, increasing from 47.9 to 66.0%, were achieved as the [H 2 O 2 ]/[TOC 0 ] increased from 1 to 4 in the following photo-Fenton. On the one hand, the more H 2 O 2 catalyzed by ferrous can produce more ·OH; on the other hand, the more ferrous was used at the fixed [H 2 O 2 ]/[Fe 2þ ], which led to a higher concentration of [Fe (OH)] 2þ , the more photo-decarboxylation of ferric carboxylates can produce more radicals under illumination (Guinea et al. ) . When the dosage of H 2 O 2 was above 2, the maximum promotion was only 4.8% owing to the decline of utilization efficiency of H 2 O 2 for reaction with ·OH. The TOC degradation rate along with the increased dosage of H 2 O 2 were raised and then declined. This phenomenon was explained with additional reasons: the ferrous transformation to insoluble FeO(OH) by US/Fe 2þ was adverse for the subsequent photo-Fenton at lower Fe 2þ ; and then more iron produced more radicals according to reaction (5); excessive ferric hindered the penetration of illumination at last and resulted in slow degradation of organics and regeneration of ferrous. 
Effect of initial concentration
The effect of initial TOC concentration was investigated and the result is shown in Figure 4 . The lower concentration increased the removal for the US/Fe 2þ process. The lower the initial TOC concentration, the higher was the molar ratio of H 2 O 2 to initial TOC concentration and the lower the dosage of ferrous added. Those factors affected the performance of the US/Fe 2þ process and was beneficial for achieving higher TOC removal as described above. The TOC removal was increased from 7.9 to 15.7% with the concentration decreasing from 600 mg/L to 125 mg/L, while the removal was decreased from 64.4 to 56.2% for the subsequent photo-Fenton. Another parallel experiment was investigated at the same reaction condition by photo-Fenton and the removal was decreased from 62.9 to 32.4%. It was obvious the TOC removal of leachate pretreated by US/Fe 2þ was affected slowly by variation of TOC concentration. This was attributed to the improvement of wastewater quality and the excessive H 2 O 2 to initial TOC concentration at the beginning of photo-Fenton. When the concentration of leachate increased from 125 mg/L to 600 mg/L, the TOC removal efficiencies were raised from 63.0 to 67.2% for the whole coupled system. The next experiment was conducted at initial concentration of 600 mg/L.
Comparison of the quality before and after treatment by US-photo-Fenton
The removal of TOC, COD and BOD 5 were 68.3, 79.6 and 58.2% for US-photo-Fenton at the above optimizing reaction condition. The AOS, COS and BOD 5 /COD ranged from À2.82, À2.82 and 0.20 to À0.40, 2.61 and 0.43, respectively. The variation of those parameters indicated the organics were partially degraded and the refractory pollutants were transformed into biodegradable organics.
In order to identify the variation of organics in leachate by US-photo-Fenton, the samples was analyzed by GC-MS. The chromatogram illustrated in Figure 5 indicated 56 types of organic components whose match percent was above 80% in the raw leachate. After treatment of USphoto-Fenton, 36 types of organics were not detected. Some new organics detected were induced from oxidation from the high molecular weight substances, such as humic and fuvic acids, into small molecular weight substances (Zhang et al. ) .
